1. Introduction {#sec1-ijms-21-03226}
===============

Atrial fibrillation (AF) is the most frequent type of cardiac arrhythmia. It has a prevalence of around 1%--2%, and its incidence significantly increases with age \[[@B1-ijms-21-03226]\]. AF is associated with high morbidity and mortality due to its main complications, including heart failure (HF) and stroke \[[@B2-ijms-21-03226]\], which are caused by significant alterations directly attributable to AF, such as hemo-dynamic changes, atrio-ventricular dys-synchrony, progressive mechanical dysfunction of the atria and ventricles, and thrombo-embolic events. In addition, several studies suggest a relationship between AF and cognitive decline, including Alzheimer's disease (AD) and other forms of dementia \[[@B3-ijms-21-03226],[@B4-ijms-21-03226],[@B5-ijms-21-03226],[@B6-ijms-21-03226]\].

Both AF and AD have risk factors in common, such as age, type 2 diabetes mellitus and cardio-vascular diseases \[[@B4-ijms-21-03226]\]. In particular, heart failure was associated with dementia and AD in a cohort study involving 1301 subjects (mean age 83.3 ± 5.4 (HF) and 81.2 ± 4.8 (no HF), male 20% (HF) and 23% (no HF); hazard ratio (HR) 1.84, 95% confidence interval (CI) 1.35--2.51) \[[@B7-ijms-21-03226]\]. Other epidemiological studies demonstrated the relationship between AF and AD. In a cohort of 3045 adults over 65 years old, followed for 14 years, AF was associated with a higher risk of all-cause dementia (HR 1.38, 95% CI 1.10--1.73) and possible or probable AD (HR 1.50, 95% CI 1.16--1.94) \[[@B8-ijms-21-03226]\]. A population-based research that evaluated 2000 individuals from the Cardiovascular Risk Factors, Aging and Dementia (CAIDE) study associated AF in late life as an independent risk factor for dementia (HR 2.61, 95% CI 1.05--6.47, *p* = 0.039) and AD (HR 2.54, 95% CI 1.04--6.16, *p* = 0.040) \[[@B9-ijms-21-03226]\]. In a cross-sectional study involving 784 subjects (mean age 77.5 years, 59.2% female), patients with AF had a two-fold higher prevalence of dementia than the control group (21.4% vs. 10.7%, *p* = 0.024), and AD was also more frequent among individuals with AF (12.6% vs. 7.3%, *p* = 0.046) \[[@B10-ijms-21-03226]\]. Furthermore, a longitudinal study that followed 37,025 subjects for 5 years (mean age 60.6 years, 39% female) associated AF with all types of dementia, independently (odds ratio (OR) 1.44, *p* \< 0.0001), and the highest risk for AD development occurred among younger individuals (≤70 years, OR 2.30, *p* = 0.001) \[[@B11-ijms-21-03226]\].

Despite these results, there is little neuropathological evidence showing the association between AF and AD \[[@B3-ijms-21-03226]\]. A cross-sectional study demonstrated an association between AF and a reduction in hippocampal volume, which is a neuropathological finding of AD, in stroke-free individuals with AF \[[@B12-ijms-21-03226]\]. A study that evaluated the autopsies of 328 participants observed a higher prevalence of neuritic plaques and neuro-fibrillary tangles, which are neuropathological changes associated with AD, in individuals with permanent AF (relative risk (RR) 1.47, 95% CI 0.96--2.28) compared to non-AF subjects (RR 1.40, 95% CI 0.79--2.49) \[[@B13-ijms-21-03226]\]. In contrast, it was also suggested in a study that HF and AF are associated with milder AD neuropathology \[[@B5-ijms-21-03226]\].

Considering the evidence, there are some mechanisms proposed to relate these diseases. In persistent AF, there is a decrease in cardiac output which, in turn, can promote a state of chronic cerebral hypoperfusion and hypoxia. As a result, these factors can alter the blood--brain barrier (BBB) permeability, leading to the impaired clearance of β-amyloid peptide (βAP). Thus, it may lead to an accumulation of βAP in brain, which is the main pathologic hallmark of AD \[[@B3-ijms-21-03226],[@B14-ijms-21-03226],[@B15-ijms-21-03226],[@B16-ijms-21-03226],[@B17-ijms-21-03226]\]. Moreover, the chronic reduction in cerebral perfusion that occurs in AF may be also related to local acidosis and a rise in the oxidative balance of the brain. These factors can change the functioning of tau protein, which can lead to hyperphosphorylation and the formation of tau oligomers, which are also important hallmarks of AD \[[@B16-ijms-21-03226],[@B18-ijms-21-03226]\].

Although most studies have attempted to demonstrate that AF can lead to the development of AD, the reverse is also possible. In a retrospective cross-sectional study from a cohort of AD patients and age-matched controls, the myocardial function was examined. After echo-cardiographic analyses, the subjects with AD showed an anticipated diastolic dysfunction. Moreover, the expression of pathological forms of βAP was present not only in the brain of these patients but also in the heart \[[@B19-ijms-21-03226]\]. Considering that diastolic dysfunction is a risk factor for AF, these results suggest that AD may lead to AF by the accumulation of βAP in the heart, suggesting that the relationship between these clinical conditions may be bi-directional \[[@B3-ijms-21-03226]\]. However, further studies in this line of reasoning are necessary to evaluate this association.

Another important factor that could connect these two diseases is the inflammatory process that occurs in both. It is already known that in AF there is systemic inflammation and several studies have associated AF with inflammatory markers, reported both as a cause and as a consequence of this arrhythmia \[[@B20-ijms-21-03226],[@B21-ijms-21-03226]\]. There is also clear evidence that in the brains of subjects with AD, the activation of inflammatory pathways occurs \[[@B22-ijms-21-03226],[@B23-ijms-21-03226]\]. At first, it was believed that inflammation in AD occurred as a response to the pathophysiological events of the disease. More recently, there are growing reports that inflammatory processes may contribute to the pathogenesis of AD \[[@B24-ijms-21-03226]\]. In addition, considering that inflammatory mechanisms may occur due to infectious processes, there is also evidence suggesting that some infectious diseases may be involved in the pathophysiology of AF \[[@B25-ijms-21-03226]\] and AD \[[@B26-ijms-21-03226]\] and can also be a link between both. In view of the above, this review aimed to examine the link between atrial fibrillation and Alzheimer's disease, focusing on the inflammatory and infectious aspects that are related to both conditions as well as discussing the pharmacological approaches related to these diseases.

2. Inflammatory Mechanisms in AF and in AD, and Its Association between Both Diseases {#sec2-ijms-21-03226}
=====================================================================================

Inflammation can be triggered by arrhythmogenic risk factors, such as systemic diseases (coronary artery disease, hypertension, and obesity), myocardial lesions (infarction and cardiac surgeries), and valvular diseases \[[@B21-ijms-21-03226],[@B27-ijms-21-03226]\]. In this context, the increase in circulating inflammatory mediators may lead to the cardiac electrical and structural remodeling observed in AF; in this case, inflammation can be considered a cause of the disease. However, inflammatory processes also occur in response to AF, sustaining the disease by the same mechanism of remodeling. This has generated the expression "AF begets AF" \[[@B28-ijms-21-03226]\].

The inflammatory response induced by AF is also related to the complications of the disease, such as thromboembolic events \[[@B28-ijms-21-03226]\]. It is known that thrombogenesis occurs due to an endothelial injury/dysfunction followed by platelet/endothelial activation, with a consequent activation of the coagulation cascade. Endothelial injury can be induced by the turbulent and static flow in the atrium caused by AF \[[@B20-ijms-21-03226]\]. This leads to an inflammatory response, with the infiltration of immune cells into the atrium; the decreased expression of endothelial nitric oxide synthase; and the increased expression of the von Willebrand factor, thrombin, thromboplastin, and protease-activated receptors. Monocytes and neutrophils that are partially activated by cytokines may also interact and activate platelets, evidencing, thus, the role of inflammation in the formation of thrombi in patients with AF \[[@B28-ijms-21-03226]\]. It is important to consider that the left atrial appendage, which consists of a recess in the wall in the atrium, is the most common site of thrombus formation, since it is longer and has a narrow entrance, predisposing it to blood stasis \[[@B29-ijms-21-03226]\].

In regard to AD, the mechanism of inflammation is also complex. There is evidence that βAP fibrils and soluble oligomers can bind with receptors expressed by microglia, promoting the activation of these cells. Once activated, there is a morphological change in microglia, which promotes βAP phagocytosis and releases different cytokines and inflammatory mediators in an attempt to prevent further damage caused by βAP deposits \[[@B23-ijms-21-03226]\]. However, although microglia is an immune cell of the central nervous system (CNS) that performs neuroprotective actions in the brain, there is evidence that microglia can also be neurotoxic by killing or damaging neurons. This state possibly is promoted by a continuous microglial activation, leading to a "hyperactivity" of microglia, which do not become more capable of phagocytizing βAP deposits but keep the secretion of pro-inflammatory cytokines, contributing to neuronal death and thus to the neurodegeneration observed in AD \[[@B22-ijms-21-03226]\].

The role of microglia has possibly been the most described, but the involvement of different patterns of CNS cells are also reported, such as astrocytes and others \[[@B24-ijms-21-03226]\]. In this context, there is evidence that astrocytes surround βAP plaques in AD, becoming activated and secreting inflammatory mediators in same way as microglial cells \[[@B24-ijms-21-03226]\].

These reports suggested that inflammatory responses are activated by the pathological stimuli in the brain, however, as mentioned above, there are studies proposing that inflammation can also be related to the pathogenesis of AD. In this way, it was suggested that a dysregulation of cytokines and chemokines in periphery may lead to the development of AD \[[@B22-ijms-21-03226],[@B30-ijms-21-03226]\].

A possible factor that can contribute to this condition is the increased permeability of the BBB, which occurs naturally with aging \[[@B30-ijms-21-03226],[@B31-ijms-21-03226]\]. In a cross-sectional study, it was observed that patients with AD presented an alteration in BBB permeability, which may affect passive and active transport processes \[[@B32-ijms-21-03226]\]. It is worth mentioning that with aging there is the establishment of a chronic systemic inflammation due to the dysregulation of the immune system \[[@B33-ijms-21-03226]\]. Thus, is possible to associate the exacerbated inflammatory state in the elderly with the alteration in BBB function \[[@B34-ijms-21-03226]\].

Moreover, it was suggested that inflammatory mediators or even leukocytes from the blood could pass to the cerebrospinal fluid (CSF) in AD through the blood--cerebrospinal fluid barrier (BCSFB). In an exploratory study, the levels of different cytokines were measured in the serum and CSF of patients with AD, and the transport of these proteins from the serum to the CSF were related to a severe disruption in the BCSFB \[[@B30-ijms-21-03226]\].

Given the above, is possible to consider that chronic conditions that promote the increase of circulating cytokines may be associated with the development of AD. It is not surprising that in situations considered to be risk factors for AD, such as diabetes mellitus and cardiovascular diseases, there are increased levels of inflammatory mediators \[[@B23-ijms-21-03226]\]. Although AF was not suggested as a direct risk factor for AD, considering the high systemic inflammation that exists in this arrhythmia, it was suggested that individuals with AF may be more susceptible to a disruption in the BBB once inflammation increases the endothelial response to hypoxia \[[@B35-ijms-21-03226]\]. With the altered BBB permeability, the passage of inflammatory molecules of serum to the CSF can also occur \[[@B16-ijms-21-03226],[@B17-ijms-21-03226],[@B30-ijms-21-03226]\]. Thus, this can lead to cognitive decline and dementia, including AD \[[@B36-ijms-21-03226]\].

2.1. Inflammatory Mediators Associated with Both AF and AD {#sec2dot1-ijms-21-03226}
----------------------------------------------------------

Inflammatory markers---such as interleukin (IL)-1β, IL-6, tumor necrosis factor (TNF), IL-10, and others---have been associated with AF in several studies \[[@B21-ijms-21-03226],[@B37-ijms-21-03226],[@B38-ijms-21-03226],[@B39-ijms-21-03226]\]. The same cytokines were also implicated in the pathophysiology of AD \[[@B23-ijms-21-03226],[@B40-ijms-21-03226],[@B41-ijms-21-03226],[@B42-ijms-21-03226]\]. Given the mechanism proposed in the previous topic, it is possible to suggest that the elevated serum levels of inflammatory mediators in patients with AF may initiate a neuroinflammatory process by passing the BBB, which can lead to the development of AD. In [Table 1](#ijms-21-03226-t001){ref-type="table"}, the major inflammatory molecules that are associated with both AF and AD are described.

2.2. Endothelial Damage Associated with Inflammation and Both AF and AD {#sec2dot2-ijms-21-03226}
-----------------------------------------------------------------------

Another situation that can connect AF and AD is endothelial dysfunction. Endothelial cells have a crucial role in the regulation of oxidative stress, vascular permeability, platelet aggregation, and the formation of thrombi, among other functions \[[@B55-ijms-21-03226]\].

Several studies have shown that due to the alterations in hemodynamics occurring in AF, it may promote a dysfunction in the endothelium \[[@B4-ijms-21-03226],[@B21-ijms-21-03226],[@B56-ijms-21-03226]\]. The altered electrical conduction in the atrium leads to a turbulent and static flow and, consequently, to an endothelial injury. From this, an inflammatory response is activated, promoting also trombogenesis, as mentioned above. The activation of the immune system leads to a decreased expression of endothelial nitric oxide synthase, which is important for the maintenance of normal endothelial function \[[@B20-ijms-21-03226],[@B55-ijms-21-03226],[@B57-ijms-21-03226]\]. As the disease becomes chronic, the endothelial impairment promoted by AF may favor the maintenance of arrhythmia by the mechanism of vascular remodeling \[[@B58-ijms-21-03226]\].

In this context, it was demonstrated in a meta-analysis that endothelial markers, as well as coagulation and fibrinolytic factors, were elevated in patients with AF in comparison to the control group \[[@B59-ijms-21-03226]\]. Moreover, in another study, the endothelium dysfunction observed in patients with AF was worse in those with chronic forms of arrhythmia \[[@B58-ijms-21-03226]\].

In parallel, evidence for endothelial dysfunction in AD has also been described, which suggests that this disease may present a vascular component in its pathophysiology \[[@B60-ijms-21-03226]\]. In this way, it is possible to propose that the damage in endothelium promoted by AF can be related to AD, although the mechanisms involved in these processes are not well comprehended. As mentioned earlier, an increase in the permeability of the BBB in patients with AF may occur by an activation of the endothelial response to hypoxia. This can promote the release of inflammatory mediators, promoting damage in the endothelium cells that compose this barrier \[[@B35-ijms-21-03226]\]. In addition, is important to mention that the impairment of endothelial function also occurs during aging, a condition that coexists in both diseases \[[@B61-ijms-21-03226]\].

3. Infectious Agents Related to AF and AD as a Possible Link between Both Diseases {#sec3-ijms-21-03226}
==================================================================================

Considering the involvement of the inflammatory process in the physiopathology of AF and AD, and that chronic bacterial and viral infections are frequent causes of inflammation, there is evidence suggesting that infectious processes can also be related as a cause of both diseases \[[@B25-ijms-21-03226],[@B26-ijms-21-03226]\].

In this context, the bacterial agent *Helicobacter pylori*, a gram-negative bacillus that can lead to gastritis and peptic ulcer disease, is also included. Montenero et al. \[[@B62-ijms-21-03226]\] observed that serum positivity to *H. pylori* was highly correlated with AF. These results were related to the higher values of C reactive protein (CRP) found in patients with AF compared to controls. Furthermore, a strong correlation was observed between infection by *H. pylori* and patients with persistent AF, whose showed higher levels of seropositivity to the bacteria in comparison to patients with paroxysmal AF. In relation to AD, Kountouras et al. \[[@B63-ijms-21-03226]\] found higher levels of *H. pylori* antibodies in the CSF of patients with AD in comparison to subjects without dementia. Huang et al. \[[@B64-ijms-21-03226]\] also showed that subjects infected by *H. pylori* had a 1.6 times greater risk of developing AD in comparison to non-infected individuals. Moreover, infection by *H. pylori* was related to a reduction in cognition ability \[[@B65-ijms-21-03226]\]. To explain the association between AD and the *H. pylori* infection, it was proposed that the access of *H. pylori* to the brain might occur by (1) an oral-nasal-olfactory pathway; (2) monocytes infected with this bacterium that produce higher levels of TNF, leading to a disruption in BBB; and (3) a rapid retrograde neural pathway from the gastrointestinal tract \[[@B66-ijms-21-03226]\].

Given the above, is possible to suggest that infection by *H. pylori* may affect individuals with AF, especially in chronic states of arrhythmia, leading to an even stronger inflammatory response. Thus, it can increase the permeability of the BBB, favoring the passage of inflammatory molecules to the brain or even the infectious agent, which may be correlated directly with AD pathology. Further investigation is necessary to support this mechanism.

In line with these, viral agents, such as the herpes simplex virus (HSV)---which is a common cause of infection in the population and may cause watery blisters on the skin and mucous membranes---were also associated with AF and AD. In relation to the first, Chiang et al. \[[@B67-ijms-21-03226]\] observed in a 3-year cohort study that patients with HSV showed a higher incidence of AF in comparison to those without this viral infection (*p* \< 0.001). In addition, these authors found that HSV was independently associated with the risk of AF development (HR 1.39, 95% CI 1.2--1.6, *p* \< 0.0001). In relation to AD, in a case-control study, a significant correlation was observed between HSV and dementia in older subjects (OR 2.250, *p* = 0.019) after 6.6 years of follow-up, suggesting that the virus could be related to the early development of AD \[[@B68-ijms-21-03226]\]. Moreover, in a study involving 3432 subjects, an association was also demonstrated between the presence of anti-HSV immunoglobulin (Ig)M, which represents a reactivated infection, and the risk of developing AD \[[@B69-ijms-21-03226]\]. Pathological findings also corroborate this relationship, as detected by Wozniak et al. \[[@B70-ijms-21-03226]\]. These authors observed, in the brain autopsies of AD patients, a co-localization of HSV type 1 within amyloid plaques. Considering the above, it was suggested that HSV can access the brains of elderly subjects due to the impaired immune system response with age, together with the higher permeability of the BBB in older individuals \[[@B26-ijms-21-03226]\].

In view of the above, it is also possible to link infection by HSV with the development of AF and AD by the same mechanism described above. On the basis of the foregoing, as preventive measures against the development of AF and AD, vaccines against these infectious agents could be reasonable options, although they are not yet available \[[@B25-ijms-21-03226]\]. In addition, any clinical trial involving the use of vaccines for the prevention of these diseases would probably have to extend for many years to see any results of interest \[[@B71-ijms-21-03226]\].

4. Pharmacological Approaches {#sec4-ijms-21-03226}
=============================

4.1. Anti-Inflammatory Therapies for AF and AD {#sec4dot1-ijms-21-03226}
----------------------------------------------

### 4.1.1. Non-Steroidal Anti-Inflammatory Drugs and Corticosteroids {#sec4dot1dot1-ijms-21-03226}

Currently, there are no anti-inflammatory therapies used in the clinical approach to AF and AD. The use of anti-inflammatory drugs, including non-steroidal anti-inflammatory drugs (NSAIDs) and corticosteroids, presents inconclusive results for both diseases. Regarding the use of NSAIDs in AF, besides not having demonstrated its benefits in patients with AF, the use of these drugs was associated with the risk of developing arrhythmia, as was demonstrated in a cohort study involving 8423 participants of the Rotterdam Study \[[@B72-ijms-21-03226]\]. In this study, an association between the current use of NSAIDs and the risk of AF (HR 1.76, 95% CI 1.07--2.88) was observed. In a case-control study that enrolled 32,602 patients from northern Denmark, AF or a flutter were associated with the current use of non-selective NSAIDs as well as cyclooxygenase (COX)-2 inhibitors, with incidence rate ratios of 1.33 (95% CI 1.26--1.41) and 1.50 (95% CI 1.42--1.59), respectively \[[@B73-ijms-21-03226]\]. A proposed mechanism to explain this is related to the inhibition of the cyclooxygenase (COX) in the kidneys by the NSAIDs. This may decrease potassium excretion in the distal nephron, leading to a fluctuation in the serum levels of this ion. As a consequence, it may cause a direct effect on the cell membrane, inducing arrhythmias \[[@B73-ijms-21-03226],[@B74-ijms-21-03226],[@B75-ijms-21-03226]\].

With respect to the use of NSAIDs and AD, in a recent meta-analysis it was described that the current or previous use of these drugs was associated with a decreased risk of AD in comparison to non-users of NSAIDs. This association was verified including all types of NSAIDs except aspirin and acetaminophen \[[@B76-ijms-21-03226]\]. In another meta-analysis, similar results were found, suggesting that non-aspirin NSAIDs may reduce the risk of AD, although further prospective studies are required to properly establish this association \[[@B77-ijms-21-03226]\].

In relation to glucocorticoids and AF, in an experimental study, during treatment with prednisone the vulnerability to AF was reduced as well as the plasma levels of CRP \[[@B78-ijms-21-03226]\]. In addition, in clinical studies, the use of corticosteroids appeared to reduce the incidence of postoperative AF \[[@B79-ijms-21-03226],[@B80-ijms-21-03226]\] in addition to its recurrence after ablation therapy \[[@B81-ijms-21-03226]\]. However, in a case-control study composed of 20,221 participants in northern Denmark with AF or a flutter, an association was observed between current therapy with glucocorticoids and an increased risk of these arrythmias (OR 1.92, 95% CI 1.79--2.06) \[[@B82-ijms-21-03226]\]. In a cohort study, which included 7983 individuals of the Rotterdam Study, the use of high doses of corticosteroids was associated with a high risk of developing AF (OR 6.07, 95% CI 3.90--9.42) \[[@B83-ijms-21-03226]\]. A possible reason for these results may be due to the cardiovascular side effects seen with the long-term use of glucocorticoids, such as hypertension, diabetes mellitus, and obesity, which are important risk factors of AF \[[@B84-ijms-21-03226]\]. Considering these factors and the various adverse effects of glucocorticoids---such as hyperglycemia, susceptibility to infections, intestinal bleeding, and others---the benefits of its clinical use in AF may not be viable \[[@B28-ijms-21-03226]\].

In relation to the use of corticosteroids and AD, in a study that evaluated the postmortem brains of subjects who had had neuritic plaques or neurofibrillary tangles, it was observed that those who used corticosteroids showed lower ratings and counts of these pathologic hallmarks in comparison to those who did not use these drugs \[[@B85-ijms-21-03226]\]. However, in another study, the use of prednisone, for example, was not effective in the treatment of AD \[[@B86-ijms-21-03226]\]. Moreover, there is evidence demonstrating that endogenous glucocorticoids may play a role in the pathophysiology of AD \[[@B87-ijms-21-03226]\]. Based on this, more evidence is necessary to show if there are benefits in the use of corticosteroids for AD.

### 4.1.2. Agents That Modulate Cytokines Signaling {#sec4dot1dot2-ijms-21-03226}

The use of agents that can alter the signaling pathways of specific inflammatory mediators was suggested as an alternative in the pharmacological management of both AF and AD. For arrhythmia, for example, heat shock proteins were proposed (HSPs) as a molecular target. HSPs are important mediators of the inflammatory process, since they interfere with the TNF-signaling pathway, modulate the transforming growth factor (TGF)-β activity, and increase levels of IL-10 \[[@B28-ijms-21-03226],[@B88-ijms-21-03226]\]. Mandal et al. \[[@B88-ijms-21-03226]\] found higher intracellular levels of HSP70 in samples of atrial tissue in patients who did not develop AF after CABG in comparison with those who presented the arrhythmia. Hu et al. \[[@B89-ijms-21-03226]\] studied HSP27, and lower levels of this marker were found in the peripheral blood samples from patients with AF compared to the controls. In addition, increased levels were detected in patients with paroxysmal AF compared to non-paroxysmal patients. Elevated HSP27 levels, in comparison to the baseline in individuals without arrhythmia, were also related to the maintenance of sinus rhythm in patients with AF who underwent catheter ablation therapy. Thus, it was suggested that these proteins may play a cardioprotective and anti-arrhythmic function in patients with AF \[[@B89-ijms-21-03226]\].

With regard to AD, drugs that inhibit TNF signaling---such as anti-TNF antibodies (infliximab, for example), the immuno-suppressant rapamycin, and the immuno-modulator thalidomide---could be considered as potential therapies for the disease. In this context, in an experimental study, the intra-cerebral injection of infliximab in AD transgenic mice led to a temporary decrease in βAP and tau phosphorylation \[[@B90-ijms-21-03226]\]. In addition, the AD mice model that received low doses of rapamycin for ten months exhibited an improvement in cognitive function and reduced levels of βAP and tau pathologies in the brain \[[@B91-ijms-21-03226]\]. The same results were found for AD transgenic mice that received an analog of thalidomide for six weeks \[[@B92-ijms-21-03226]\].

### 4.1.3. Other Drugs That Have Anti-Inflammatory Properties {#sec4dot1dot3-ijms-21-03226}

Besides these drugs, other classes of substances have been shown to play a potential role in the prevention of AF and AD and were considered anti-inflammatory because of their pleiotropic effects. These include the anti-hypertensive drugs, angiotensin converting enzyme inhibitors (ACEIs) and angiotensin-1 receptor blockers (ARBs); statins; colchicine; and poly-unsaturated fatty acids (PUFAs) \[[@B20-ijms-21-03226],[@B28-ijms-21-03226]\].

ACEIs and ARBs, to date, have demonstrated a high therapeutic potential in AF, since they exhibit a role in the primary prevention of the disease in patients with different clinical situations, such as HF and hypertension \[[@B93-ijms-21-03226]\]. In a meta-analysis, it was described that the use of renin-angiotensin-aldosterone system (RAAS) inhibitors in general---including ACEIs (perindopril, enalapril, ramipril, quinapril), ARBs (candesartan, valsartan, irbesartan), and mineralocorticoid receptor antagonists (eplerone, spironolactone)---significantly reduced the hospitalization of patients with HF (RR 0.89, 95% CI 0.82--0.97, *p* = 0.01), and improved their diastolic function \[[@B94-ijms-21-03226]\]. Considering that HF is an important risk factor for AF, the treatment with RAAS inhibitors may be effective in the prevention of AF. Regarding AD, the use of both ACEIs and ARBs also showed benefits, as observed in a cohort study which followed subjects older than 75 years of age for a median of six years. Those that used ACEIs (benazepril, captopril, enalapril, fosinopril, lisinopril, moexipril, perindopril, quinapril, ramipril, trandolapril) and ARBs (candesartan, eprosartan, irbesartan, losartan, telmisartan, valsartan), as well as diuretics (amiloride, bumetanide, chlorthalidone, chlorothiazide, furosemide, hydrochlorothiazide, indapamide, metolazone, methylchlorothiazide, spironolactone, torsemide, triamterene) presented a reduction in AD risk \[[@B95-ijms-21-03226]\]. In another cohort study that followed individuals of at least 65 years of age for six years, it was observed that the use ACEIs or ARBs presented a more protective effect against the onset of AD in males in comparison of other anti-hypertensive drugs. Moreover, the use of ARBs was more effective in preventing AD than ACEIs in both genders \[[@B96-ijms-21-03226]\].

In relation to statins, there is evidence that these drugs can exhibit anti-inflammatory, anti-oxidative, and anti-atherosclerotic effects, especially atorvastatin \[[@B97-ijms-21-03226]\]. It was demonstrated that this drug may improve left ventricular remodeling, protecting ventricular diastolic function in HF \[[@B98-ijms-21-03226]\]. Furthermore, the use of pitavastatin was associated with a lower onset of AF in elderly hypertensive patients \[[@B99-ijms-21-03226]\]. In this context, in animal models, the treatment with simvastatin exhibited a reduced vulnerability to the development of AF \[[@B100-ijms-21-03226]\]. In clinical studies, the previous use of different types of statins, such as atorvastatin, simvastatin, and lovastatin, reduced the incidence of postoperative AF and circulating inflammatory markers \[[@B101-ijms-21-03226],[@B102-ijms-21-03226]\]. However, atorvastatin and pravastatin, as well as other statins, were not effective in preventing arrhythmia, nor in recurrences after pharmacological cardioversion and catheter ablation \[[@B103-ijms-21-03226]\]. With regard to the use of statins in AD, in a cohort study that followed older subjects for eleven years, it was observed that synthetic and hydrophilic statins, such as rosuvastatin, but not fungus-derived and lipophilic statins, such as simvastatin, were associated with a decreased incidence of AD \[[@B104-ijms-21-03226]\]. In a meta-analysis, however, the use of hydrophilic statins was associated with a decreased risk of all-caused dementia (RR 0.877, 95% CI 0.818--0.940, *p* = 0.000) and a possible lower risk of AD (RR 0.619, 95% CI 0.383--1.000, *p* = 0.050), while lipophilic statins showed an association with reduced risk for AD (RR 0.639, 95% CI 0.449--0.908, *p* = 0.013) but not to all caused-dementia (RR 0.738, 95% CI 0.475--1.146, *p* = 0.176) \[[@B105-ijms-21-03226]\].

In relation to colchicine, it appeared to reduce the incidence of postoperative AF, an effect accompanied by plasma reductions in inflammatory mediators such as CRP and IL-6 \[[@B106-ijms-21-03226]\]. However, in another study, the use of this drug did not prevent the development of arrhythmia after surgery \[[@B107-ijms-21-03226]\]. Regarding the use of colchicine in AD, although it was proposed almost two decades ago \[[@B108-ijms-21-03226]\], some years later it was observed that colchicine injections cause cognition impairment and a reduction in acetylcholinesterase levels in the brains of rats, suggesting that the injection of this drug could be used as an animal model for AD \[[@B109-ijms-21-03226]\].

Finally, in relation to the PUFAs, there are studies demonstrating that the clinical use of omega-3 PUFAs presented a role in the primary \[[@B110-ijms-21-03226]\] and secondary (recurrences) prevention of AF \[[@B111-ijms-21-03226]\]. However, these effects were not observed in other trials \[[@B112-ijms-21-03226]\]. Furthermore, its reduction in the incidence of postoperative AF has not been demonstrated in patients who have undergone cardiac surgery \[[@B113-ijms-21-03226]\]. In relation to this approach in AD, the results are also inconclusive. In an experimental study, it was observed lower levels of βAP in the hippocampus of transgenic mice model of AD that were fed with peroxidation-resistant polyunsaturated fatty acids \[[@B114-ijms-21-03226]\]. However, in a clinical interventional study, the dietary supplementation of AD patients with omega-3 PUFAs for four months showed no effects on cognition and mood \[[@B115-ijms-21-03226]\].

The metabolites of other PUFAs, such as epoxy-eicosa-trienoic acids (EETs), which are derivatives of omega-6 arachidonic acid, have also demonstrated anti-inflammatory properties. EETs, as well as other PUFAs metabolites, are converted into diols by the soluble epoxide hydrolase (sEH) enzyme, however the EETs diols formed are less active. Thus, inhibitors of sEH (sEHI) have become a novel therapeutic approach for inflammatory conditions as well as cardio-vascular and neuro-degenerative diseases \[[@B116-ijms-21-03226]\]. In the context of AF, an experimental study evaluated the role of trifluoro-methoxy-phenyl-3-(1-propionyl-piperidine-4-yl)-urea (TPPU), an sEHI, in a pressure-overload-induced atrial remodeling model in murines. These authors observed that animals treated with TPPU presented a reduction in inflammation, atrial fibrosis, and electrical remodeling in atrial myocytes, suggesting sEH inhibition as a therapeutic target for the treatment of AF \[[@B117-ijms-21-03226]\]. In a murine model of myocardial infarction (MI), treatment with two sEHIs, 1-adamantan-1-yl-3-{5-\[2-(2-ethoxy-ethoxy)-ethoxy\]-pentyl}-urea (AEPU) and *trans*-4-\[4-(3-adamantan-1-yl-ureido)-cyclohexyloxy\]-benzoic acid (*t*-AUCB), was also evaluated. The inhibition of sEH showed to be effective in the reduction of the infarct size and in the prevention of cardiac electrical remodeling after MI, thus reducing the development of cardiac arrhythmias \[[@B118-ijms-21-03226],[@B119-ijms-21-03226]\]. On the other hand, in a clinical study that evaluated 218 patients with AF who underwent catheter ablation and 268 controls, a polymorphism in the *EPHX2* gene, which encodes human sEH, was associated with a higher risk of AF recurrence after catheter ablation within 12 months (OR 3.2, 95% CI 1.237--8.276, *p* = 0.016) and 24 months (OR 6.076, 95% CI 2.244--16.451, *p* \< 0.0001). In this case, it was suggested that this polymorphism may lead to a deficient metabolism of EETs, whose can suppress scar formation after catheter ablation, favoring the recurrence of AF \[[@B120-ijms-21-03226]\].

In relation to AD and EETs, it was shown that βAP reduces EETs synthesis in hippocampal astrocytes and neurons in rat brains \[[@B121-ijms-21-03226]\]. In addition, in the cell culture of the hippocampal astrocytes of neonatal rats pretreated with regioisomers of EETs, an improvement in mitochondrial function and cellular respiration was observed in the presence of βAP. Thus, it was suggested that one of the mechanisms of the toxicity of βAP is the reduction in endogenous EETs, and a cell treatment with exogenous EET was able to reverse this effect \[[@B122-ijms-21-03226]\]. Corroborating this data, increased levels of sEH in the brains of AD transgenic mice were observed, predominantly in hippocampal astrocytes. Moreover, the genetic depletion of sEH in this animal model increased the production of astrocyte-derived anti-inflammatory cytokines and delayed the progression of AD, which was observed by the improvement in behavioral tests and attenuation in βAP plaque deposition. Thus, sEH was suggested as a potential therapeutic target for AD \[[@B123-ijms-21-03226]\]. In line with this, two different models of transgenic mice for AD were treated with three distinct sEHI: TPPU, AS-2586114, and UB-EV-52. It was observed that these three inhibitors reduced the gene expression and the levels of pro-inflammatory cytokines in the brain. Furthermore, they also promoted a reduction in tau hyperphosphorylation and in the number of βAP plaques stained, as well as showing an improvement in cognitive decline, as observed in the behavioral test. In view of this, sEH inhibition was proposed as a potential strategy for AD treatment \[[@B124-ijms-21-03226]\].

4.2. Therapies for AF and Its Potential Role in Prevention of Dementia and AD {#sec4dot2-ijms-21-03226}
-----------------------------------------------------------------------------

The treatment with oral anticoagulants (OACs), such as the vitamin K inhibitor warfarin and the novel oral anticoagulants (NOACs) rivaroxaban, apixaban, dabigatran and others, is recommended to patients who presented non-valvular AF and are at high risk to develop thromboembolic events. In this context, in a study involving 2605 patients with AF treated with warfarin who were followed for a median period of four years, it was observed that a rigorous and consistent anticoagulation therapy was related to a decreased risk of developing dementia in general \[[@B125-ijms-21-03226]\]. Moreover, in another study that followed 5254 patients with AF from June 2010 to December 2014, in treatment with warfarin or NOACs, it was found that those who were taking the non-vitamin K inhibitors presented a 43% lower incidence of strokes, transient ischemic attacks, and dementia (HR 0.57, 95% CI 0.17--1.97, *p* = 0.38) in comparison to those using warfarin \[[@B126-ijms-21-03226]\].

As regards rhythm management in patients with AF, a study compared 4212 patients who underwent AF ablation to 16,848 patients with AF but no ablation and 16,848 with no AF. It was observed that in those who underwent ablation therapy, the incidence of AD was 0.2%, while in those that did not receive this therapy it was 0.9%, and in those without AF it was 0.5%. In this way, ablation therapy in AF patients was associated with a reduced AD risk \[[@B127-ijms-21-03226]\].

4.3. Paradigm in the Treatment of Patients With AD Who Have AF {#sec4dot3-ijms-21-03226}
--------------------------------------------------------------

Currently, the treatment approved for mild to moderate AD symptoms includes cholinesterase inhibitor (ChEI) drugs such as donepezil, rivastigmine, and galantamine. However, these drugs present some side effects, such as increased blood pressure and decreased pulse. The occurrence of syncope in patients who used donepezil, due to cardiovascular abnormalities, has also been reported \[[@B128-ijms-21-03226]\]. Due to this, the use of ChEI is not recommended for AD patients who have cardiovascular comorbidities, including supraventricular conduction problems such as atrial fibrillation and a flutter. However, there is a lack of guidelines and standardization for prescription of this class of drugs in these conditions \[[@B129-ijms-21-03226]\]. Moreover, in a cohort study, an association was reported between the use of ChEI in patients with dementia and a reduced risk of ischemic strokes (HR 0.508, 95% CI 0.434--0.594, *p* \< 0.001). Considering that strokes are also a mainly complication for AF patients and that subjects whose present both AD and AF could benefit from this effect of using ChEI, more evidence is needed to maintain the non-recommendation in the use of these drugs for patients with AD who have also arrhythmia \[[@B130-ijms-21-03226]\].

5. Final Considerations {#sec5-ijms-21-03226}
=======================

In view of the above, it was possible to observe a series of evidence correlating AF and AD, suggesting inflammatory and infectious processes as potential links between both diseases. AF is not considered a risk factor for AD, however, besides an increase in the BBB permeability that occurs with age, it can also be promoted by other factors related to AF, such as hypoperfusion and hypoxia in the brain and the release of inflammatory mediators in the blood. Thus, it may be related to the pathogenesis of AD, regardless of the occurrence of strokes. In addition, some infectious agents that may be associated to AF can also play a role in AD pathology, suggesting a possible link between these conditions. In [Figure 1](#ijms-21-03226-f001){ref-type="fig"}, there is a graphical abstract summarizing the proposed mechanisms involved in these complex processes. Moreover, in relation to pharmacological approaches, although anti-inflammatory strategies have not exhibited to date great results in the management of patients with AF, these drugs have shown potential effects in the prevention of developing AD in the general population. In addition, current studies have shown the potential benefits of the use of anticoagulants in patients with AF in the prevention of dementia and AD. In this context, more long-scale and prospective studies should be performed to evaluate this beneficial effect. In general, it is possible that further knowledge regarding the inflammatory and infectious aspects relating to AF and AD is required and may provide opportunities for innovation in the therapy and management of patients with these clinical situations.
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![Proposed mechanisms that can correlate AF and AD by inflammatory and infectious processes. AF can cause endothelial damage due to the turbulent and static flow within the atrium. Thus, it can initiate an inflammatory response and thrombogensis, becoming a chronic situation. When AF is persistent, it also may promote a decrease in cardiac output, leading to a chronic cerebral hypoperfusion and hypoxia. These factors can lead to endothelial damage, increasing the release of inflammatory mediators and altering the permeability of the blood--brain barrier (BBB). Peripheral inflammatory molecules can pass through the BBB and promote neuroinflammation that can lead to AD. Individuals with AF can also be more susceptible to infection by some agents. Thus, the inflammatory state in these patients could become exacerbated, favoring the alteration in the permeability of the BBB. In this way, these infectious agents could pass to the brain and may have some effect on the pathophysiology of AD, in association with β-amyloid peptide (βAP) plaques deposition. It is worth mentioning that aging is associated with both AF and AD, as well as with a chronic inflammatory state, endothelial damage, the increased permeability of the BBB and a higher risk of acquiring infections due to a disbalance in the immune system. Abbreviation: BBB, blood brain barrier.](ijms-21-03226-g001){#ijms-21-03226-f001}
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Main inflammatory molecules related to both atrial fibrillation (AF) and Alzheimer's disease (AD).

  Parameter   Atrial Fibrillation                                                                                                                                                                                                                                                                                                                                                                                    Alzheimer's Disease
  ----------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  IL-1β       In the atrium of patients with AF, in comparison to controls, an increase in pro-inflammatory macrophages was observed, which was associated with a higher secretion of IL-1β \[[@B37-ijms-21-03226]\]. It was also related to an up-regulation of IL-1β mRNA in the atrium of patients with persistent AF in comparison to those with paroxysmal AF and the control group \[[@B43-ijms-21-03226]\].   IL-1β demonstrated a key function in the deposition of βAP plaques \[[@B44-ijms-21-03226]\]. Higher levels of IL-1β were found in the serum samples of both patients with AD and mild cognition impairment (MCI), leading to the consideration that this cytokine is produced in the beginning of the disease and remains elevated after the establishment of AD \[[@B23-ijms-21-03226],[@B45-ijms-21-03226]\].
  IL-6        IL-6 was related to the development of AF after coronary artery bypass grafting (CABG) \[[@B38-ijms-21-03226]\]. IL-6 was also associated with the recurrence of AF after ablation therapy \[[@B46-ijms-21-03226]\].                                                                                                                                                                                   IL-6 was associated with βAP plaques in the hippocampus and cortex in the AD brain \[[@B47-ijms-21-03226]\] and to abnormally hyperphosphorylated tau protein \[[@B48-ijms-21-03226]\]. Higher levels of IL-6 were found in the serum of AD patients compared to those with MCI and the control group \[[@B40-ijms-21-03226]\].
  TNF         Higher levels of TNF were detected in patients with persistent and permanent AF in comparison to those with paroxysmal AF \[[@B39-ijms-21-03226]\]. The TNF values found in the plasma of patients with chronic non-valvular AF were also considered as predictors for the development of ischemic strokes \[[@B49-ijms-21-03226]\].                                                                   TNF was associated with an increase in βAP production in an experimental study \[[@B41-ijms-21-03226]\]. In a meta-analysis, an up-regulation of TNF in the blood and CSF samples of patients with AD was reported, especially in those in severe stages of the disease \[[@B50-ijms-21-03226]\].
  IL-10       Increased levels of IL-10 were found in peripheral blood samples of AF patients compared to the controls, and higher concentrations were detected in patients with persistent and permanent AF compared to those with paroxysmal AF \[[@B39-ijms-21-03226]\]. Higher serum levels of IL-10 were also associated with the development of AF after CABG \[[@B51-ijms-21-03226]\].                        IL-10 was related to the accumulation of βAP in an animal model \[[@B52-ijms-21-03226]\]. In a clinical study, AD patients exhibited higher serum levels of IL-10 than the controls, suggesting that peripheral levels of IL-10 may be related to AD pathogenesis \[[@B42-ijms-21-03226]\].
  MCP-1       Higher levels of monocyte chemo-attractant protein (MCP)-1 were found in venous blood samples from patients with AF compared to the controls \[[@B39-ijms-21-03226]\]. Elevated levels of this marker were also found in the plasma of patients with paroxysmal and permanent AF in relation to individuals with sinus rhythm \[[@B53-ijms-21-03226]\].                                                Higher levels of MCP-1 were found in AD patients compared with MCI patients and controls, and the highest levels were assessed in severe AD patients. Thus, higher plasmatic levels of MCP-1 were associated with a greater severity of AD \[[@B54-ijms-21-03226]\].

Abbreviations: AD: Alzheimer's disease; βAP: β-amyloid peptide; CABG: coronary artery bypass graft; IL: interleukin; MCI: mild cognitive impairment; TNF: tumor necrosis factor; CSF: cerebrospinal fluid; MCP: monocyte chemo-attractant protein.
